Porous silicon ͑PS͒ matrices with oriented, separated pores grown perpendicular to the surface are used as a template for the incorporation of magnetite nanoparticles. The Fe 3 O 4 particles used for infiltration into the PS template are coated with oleic acid in a hexane solution and exhibit an average diameter of 8 Ϯ 1.5 nm. The narrow size distribution and the superparamagnetic behavior at room temperature are interesting features of these nanoparticles. In addition, the use of PS as a template for the particle deposition influences and modifies the collective magnetic response of the nanoparticles. Especially, anisotropy between the two magnetization directions, magnetic field parallel and perpendicular to the surface, has been observed. Magnetite nanoparticles play a key role in medical applications, but also the magnetic properties of such a nanoparticle/PS system are of technical interest due to the transition between superparamagnetic and ferromagnetic behaviors. Temperature-dependent magnetization measurements are used to gain information about the magnetic interaction of the particles. © 2010 The Electrochemical Society. ͓DOI: 10.1149/1.3425605͔ All rights reserved. The fabrication of low dimensional systems as ultrathin layers, nanowires, nanoparticles, and nanodots is a key trend in today's nanotechnology. Not only the change in the physical properties of low dimensional materials compared to their bulk materials is of interest; their applicability is also a developing subject. Magnetic materials in the nanoscale range are utilized in magnetic data storage, giant magnetoresistance devices; magnetic particles are also employed in biological and medical applications.
The fabrication of low dimensional systems as ultrathin layers, nanowires, nanoparticles, and nanodots is a key trend in today's nanotechnology. Not only the change in the physical properties of low dimensional materials compared to their bulk materials is of interest; their applicability is also a developing subject. Magnetic materials in the nanoscale range are utilized in magnetic data storage, giant magnetoresistance devices; magnetic particles are also employed in biological and medical applications.
The fabrication of isolated magnetic nanoparticles is difficult to reach because the large surface areas compared to the volume oxidize easily when using metals and due to the tendency of nanoparticles to agglomerate. A controlled passivation of the particles can be carried out, but this can also lead to interactions between the metal core and the passivating materials. Magnetic iron oxide such as magnetite has the advantage of being more stable. Recently, a new preparation method has been reported based on the decomposition at high temperatures of an organic precursor in the presence of oleic acid, which leads to a monodisperse size distribution of nanoparticles isolated by an oleic acid layer of around 2 nm. [1] [2] [3] The dispersion of magnetite in a liquid carrier used for versatile applications, especially in biomedicine, has recently been studied. [4] [5] [6] The surface of the particles has been modified by biocompatible substances, and the magnetic interactions have been investigated. 7 Furthermore, the magnetic properties of magnetite nanoparticles embedded in a nonmagnetic matrix have been figured out in special ferromagnetic ͑FM͒ resonance studies, which show the dependence of the magnetic behavior on the utilized matrix material. 8 Furthermore, magnetite nanoparticles are extensively used for potential biomedical applications such as imaging of diseases ͑e.g., cancer and diabetes͒ or cellular therapy. 9 Magnetite nanoparticles selfassembled on porous silicon ͑PS͒ in a dendritic arrangement have been investigated concerning the self-organization process as well as the magnetic properties. 10 The combination of nanostructured silicon and magnetite not only leads to interesting magnetic properties of the nanocomposite system but is also a good candidate for applications in biomedicine because both are biocompatible in biological systems due to their low toxicity and biodegradability. 11, 12 In the present work, PS fabricated in a self-organizing electrochemical procedure with dimensions in the mesoporous regime is used as a matrix for the incorporation of very uniform Fe 3 O 4 nanoparticles with an average size of 8 nm. A magnetic characterization of this composite material sheds light not only on the transition between FM and superparamagnetic ͑SPM͒ behaviors but also on the magnetic interaction between the particles. Furthermore, the influence of the silicon matrix on the magnetic behavior is figured out.
Experimental
A PS matrix, which acts as a template for the infiltration of magnetite nanoparticles, was fabricated by anodization of a highly doped n-type silicon wafer in a hydrofluoric acid solution ͑10 wt %͒. 13 When applying a constant current density of 120 mA/cm 2 for 10 min, a porous structure with oriented pores grown perpendicular to the wafer surface was achieved. Silicon etching was performed at room temperature. The average pore diameter of these templates was typically 80 nm, and the mean distance between the pores was 40 nm ͑Fig. 1͒. Figure 2 shows an enhanced cross-sectional region of Fig. 1b exhibiting the pores with an average diameter of 80 nm and a mean distance between the pores of 40 nm. The dendritic growth cannot be completely suppressed in this morphology range. The thickness of the investigated PS layer was about 40 m. In this diameter range, the growth of the main pores in the ͑100͒ direction was accompanied by the growth of additional side pores in the ͑111͒ direction, which was favored by the remaining free carriers between the pores. If the distance between the pores does not exceed twice the thickness of the space charge region to a great extent, the length of these dendrites can be minimized to a length in the range of the pore radius, thus ensuring a clear separation of the pores. This behavior is important for magnetic measurements to be sure of the separation of the pores.
Magnetite nanoparticles of an average size of 8 nm were prepared by high temperature decomposition of organic iron compound precursors following previously reported works. 2 Magnetite nanoparticles were synthesized using iron acetylacetonate as a precursor and phenyl ether as a solvent. A mixture of 0.71 g of Fe͑acac͒ 3 ͑2 mmol͒, 2.38 g of 1,2-hexadecanediol ͑10 mmol͒, 1.69 g of oleic acid ͑6 mmol͒, 1.60 g of oleylamine ͑6 mmol͒, and 20 mL of trioctylamine was added to a three-neck flask. Then, the mixture was heated under mechanical stirring and a flow of nitrogen gas until a temperature of 200°C was reached. This temperature was kept con-stant for 120 min, and then the solution was heated to reflux ͑369°C͒ for 30 min in a nitrogen atmosphere. Finally, the solution was cooled down to room temperature.
The powder was obtained by precipitation with ethanol, collected with a magnet, and finally dried under nitrogen flow. A stable suspension of the powder could be obtained when nanoparticles were mixed with 20 mL of hexane and 0.05 mL of oleic acid and were sonicated for a time period of 5 min. The achieved particles show a quite monodisperse size distribution ͑Fig. 3b͒ of 8 nm obtained from transmission electron microscopy ͑TEM͒ images ͑Fig. 3a͒ with a deviation of Ϯ1.5 nm. The size distribution of the particles was obtained from images taking the distribution of the Fe content into account to improve the contrast of the TEM images.
The phase of iron oxide particles was identified by powder X-ray diffraction and IR spectroscopy. The X-ray patterns were collected in a Philips 1710 diffractometer using Cu K␣ radiation. Fourier transform infrared ͑FTIR͒ spectra were recorded in a Nicolet 20 SXC FTIR. Samples were prepared by diluting the iron oxide powder in KBr at 2 wt % and following a compression of the mixture, pressing it into a pellet.
The suspension of magnetite nanoparticles in a hexane solution was infiltrated into the mesoporous silicon matrix ͑Fig. 4͒. This immersion was carried out under defined conditions, keeping the temperature constant at 25°C for an average time of 30 min. FTIR spectroscopy was performed to figure out the additional contribution of oleic acid and Fe-O to the absorption bands of PS.
Magnetization measurements of magnetite nanoparticles in powder form and after infiltration within PS were performed by superconducting quantum interference device magnetometry. The magnetic field was applied between Ϯ1 T in two directions of magnetization, perpendicular and parallel to the sample surface, respectively, and the temperature was varied from 4.2 K up to room temperature. Zero field cooled ͑ZFC͒/field cooled ͑FC͒ curves were registered at applied fields of 5500 and 1000 Oe. 
Results and Discussion
The Fe 3 O 4 particles coated with oleic acid in a hexane solution used for infiltration into the PS template exhibit an average diameter of 8 nm and only a distance of a few nanometers ͑ϳ3 nm͒ between them ͑Fig. 3͒. Special features of these nanoparticles are the narrow size distribution as well as their SPM behavior at room temperature. X-ray diffractograms for Fe 3 O 4 particles correspond to an inverse spinel structure with lattice parameters of 8.38͑2͒ Å, which agrees with the published magnetite pattern ͑JCPDS 19-629͒ ͑Fig. 5͒. The IR spectrum for this sample presents two main absorption bands at around 600 and 400 cm −1 assigned to the Fe-O stretching modes of the magnetite lattice ͑Fig. 6͒. 14 In the high frequency range, bands associated with oleic acid molecules appear.
A comparison of a PS template and a PS/Fe 3 O 4 sample has been figured out by FTIR spectroscopy ͑Fig. 7͒. In addition to the Si-H stretching modes of the PS, occurring in both samples, C-O stretching modes have been identified at 1530 and 1625 cm −1 , which agree with IR investigations of magnetite nanoparticles coated with oleic acid. 15 The shift of the peak position of bare oleic acid from 1715 cm −1 to lower wavenumbers is caused by the covalent bonding of the oleic acid molecules to the nanoparticle surface. 16 The Fe-O modes at 430 and 610 cm −1 , which has been observed in the absorption spectrum of the bare magnetite nanoparticles could not be found because of the absorption edge of the highly doped silicon substrate at 1200 cm −1 . Additional peaks at around 2260 cm −1 indicate an oxidation of the PS matrix ͓H-Si͑O 3 ͒ modes͔.
The achieved magnetic system with PS acting as a substrate and infiltrated magnetite nanoparticles leading to a composite material shows an FM behavior at low temperatures ͑T Ͻ T B ͒ and superparamagnetism at higher temperatures ͑T Ͼ T B ͒. This transition temperature can be influenced not only by the particle size 16 but also Wavenumber(cm -1 )
Absorbance (a. u.) by the distance between the particles or by the concentration of the particle solution ͑Fig. 8͒. This distance can be varied by the coating used, which influences the magnetic particle-particle interaction within the individual pores. Furthermore, the interaction between adjacent pores can be modified by the thickness of the remaining silicon matrix. The following investigations have been performed by using a matrix with a typical mean distance of 40 nm between the pores.
The SPM behavior of the magnetite/PS system above a blocking temperature T B is shown by temperature-dependent magnetization measurements. ZFC/FC investigations performed at an applied field of 5 Oe show a rather high blocking temperature T B at 135 K, which indicates magnetic interactions between the particles ͑Fig. 9͒. Similar findings of T B are reported in Ref. 17 . Furthermore, a shift in the blocking temperature to lower temperatures with higher applied fields is observed ͑inset in Fig. 9͒ . This behavior of SPM particles is proportional to H 2/3 ͑H magnetic field͒ at high fields and proportional to H 2 for lower fields. 18 Considering the ZFC/FC measurements, one recognizes that the splitting temperature between the ZFC and FC branches differs from the blocking temperature, which coincides with the maximum of the ZFC curve. Such a behavior is observed in randomly dipolar coupled nanomagnet systems. 19 Also, the width of the peak of the ZFC branch can be attributed to the dipolar coupling of the nanoparticles because the distribution of the particle size is quite monodisperse proofed by TEM images ͑Fig. 3͒.
The transition between SPM and stable behaviors occurs when the thermal energy barrier KV becomes equal to 25 k B T, 20 where K is the anisotropy energy per unit volume of the SPM particle and V is its volume. For particles exhibiting a monodisperse size distribution, the blocking temperature T B gives the threshold between stable ͑T Ͻ T B ͒ and unstable ͑T Ͼ T B ͒ regions.
The particle size is known from TEM images ͑average 8 nm͒, and thus the blocking temperature T B can be estimated by the equation KV = 25k B 9͒. An implication is the loss of validity of the used equation for noninteracting particles; thus, a magnetic interaction ͑dipolar͒ between the iron oxide particles can be concluded. Consequently, it can be said that the particles of the investigated samples are SPM only above a quite high blocking temperature of 135 K due to the presence of dipolar interactions. Kechrakos and Trohidou, 22, 23 Allia et al., 24 and Gross et al. 25 showed that the blocking temperature is always enhanced due to interactions between the magnetic particles because the coupling suppresses the thermal fluctuations of the spins. Also, a broadening of the ZFC peak is observed due to magnetic interactions. 25 The higher measured blocking temperature of about 135 K than the one estimated from the equation above ͑T B = 10 K͒ is no more valid for the ensemble of magnetically interacting particles investigated.
Considering the magnetization curve of magnetite nanoparticles ͑size 8 nm͒ without the PS matrix, one sees that the blocking temperature is 160 K and the bifurcation of the ZFC and FC branches takes place at 230 K ͑Fig. 10͒.
These temperatures are higher than in magnetite nanoparticles embedded in PS. Given that in both cases the same particles are used, a reduction in the magnetic interaction can be assumed to take place when the magnetite nanoparticles are incorporated within the PS matrix, which is plausible to be caused by the morphology of the PS, exhibiting a distance between the pores ͑thickness of the remaining silicon pore walls͒ of about 40 nm. Thus, the interaction among the Fe 3 O 4 nanoparticles in one direction along the pores is dominant. Moreover, due to the presence of oleic acid coating of the particles, the exchange interaction is discarded and the interaction is mainly dipolar. Figure 11 shows a scanning electron micrograph of the cross section of a magnetite-filled PS sample. The nanoparticles within the pores have an average diameter of 8 nm. The distance between the particles within one pore is given by the coating being a few nanometers, whereas the distance between adjacent pores is given by the morphology of the PS matrix, which is in this case about 40 nm ͑more than 10 times greater than the mean particleparticle distance given by the surfactant͒.
Further magnetization measurements have been performed to point out the transition between SPM and FM behaviors of the silicon/magnetite system in an H/T diagram. Considering the magnetization curves vs H/T of bare magnetite nanoparticles ͑8 nm͒, a superposition for temperatures from 200 down to 150 K has been observed ͑Fig. 12͒, which coincides with the ZFC/FC measurements. The PS/magnetite sample, infiltrated with the same nanoparticles, shows an SPM behavior up to 130 K ͑Fig. 13͒. This shift in the transition temperature between SPM and FM behaviors can be ascribed to the use of the PS matrix, which reduces the dipolar coupling due to the restriction of the nanoparticles within the oriented pores. A deviation from the superposition can arise from a broad particle-size distribution ͑which can be excluded in this case͒, anisotropy effects, or different spontaneous magnetizations of the particles with the temperature. 26 An additional kink is observed in the ZFC curve for magnetite nanoparticles as synthesized and dispersed in the silicon matrix below 50 K, which could be assigned to the Verwey transition. 27 Considering 8 nm bare magnetite nanoparticles and the same particles infiltrated into a PS matrix, the Verwey temperature is shifted to higher temperatures ͑Fig. 14͒ from about 30 to about 50 K. The observed T V between 30 and 50 K is high compared to the measurements done by Goya et al. on 47 nm magnetite nanoparticles exhibiting a T V of around 16 K, whereas for smaller particle sizes this transition temperature could not be observed. 27 In that case, particles were prepared in water and were uncoated. Therefore, the aggregation state and the surface oxidation were completely different in those particles prepared in organic media in the presence of oleic acid.
The hysteresis loops of a bare silicon wafer the surface of which was covered with a suspension of Fe 3 O 4 nanoparticles and a PS matrix with magnetite nanoparticles impregnated into the PS layer are measured at T = 4.2 K. The magnetic field is applied perpendicular and parallel to the sample surface. The silicon wafer having the surface covered with the magnetite solution shows a magnetic anisotropy between the two magnetization directions ͑Fig. 15͒, which is similar to the behavior of a magnetic thin film due to the dipolar coupling of the nanoparticles.
Considering the hystereses loops of a PS specimen infiltrated with magnetite nanoparticles, the magnetic anisotropy between the two magnetization directions is weak ͑Fig. 16͒, but it differs drastically from the magnetization curve of a surface-covered bare silicon wafer ͑Fig. 15͒ using the same magnetite solution. The coercivities obtained for the two different magnetization directions vary a little ͑H Cʈ = 325 Oe, H CЌ = 350 Oe͒, which shows that the particles are mainly incorporated within the pores, and they do not accumulate on the surface of the PS template. The interaction between the particles occurs mainly within one pore ͑the minimum distance between the particles is twice the thickness of the coating͒ but less from one pore to another one ͑the average distance between the adjacent pores is about 40 nm͒. The PS specimens offering straight pores grown perpendicular to the surface are used as a matrix for the Fe 3 O 4 nanoparticles and influence the magnetic behavior to a great extent. Also, the blocking temperature of the PS/magnetite nanocomposite is shifted to lower temperatures compared to the equal bare Fe 3 O 4 particles.
Magnetite is nowadays investigated because of its promising applications in nanomedicine for the location and diagnosis of tumors. Due to the biodegradability and biocompatibility of PS, 12 a combination of these two materials is a promising candidate for medical in vivo applications. The magnetic properties of the nanoparticle/PS system are of interest due to the magnetic phase transition controlled by the strength of the magnetic interaction, which is determined by the distance between the particles and the direction, given by the matrix. Strongly interacting particles could lead to a blocking even at room temperature.
Conclusion
The infiltrated magnetite nanoparticles into the PS matrix are SPM at room temperature, and dipolar interactions are present. This behavior explains the high blocking temperature obtained from ZFC/FC measurements. Due to the infiltration of the particles into the oriented, separated pores of a PS layer, the interaction mainly takes place in one direction, reduced between the pores with respect to pure nanoparticles or a thin layer of particles formed on a wafer surface. An influence of the PS template can also be found in direction-dependent magnetization measurements resulting in a magnetic anisotropy. The obtained composite material consisting of a PS matrix and infiltrated Fe 3 O 4 nanoparticles is an interesting system in nanotechnology applications due to the magnetic switching behavior and because of the transition between SPM and FM behaviors, which can be adjusted by modifying the distance between the particles. Moreover, the silicon substrate material is compatible with today's microtechnology. PS/magnetite systems are also interesting for medical applications because of the low toxicity of both materials.
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